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Beryllium films are synthesized by a magnetron sputtering technique incorporating 
in-situ residual stress measurement. Monitoring the stress evolution in real time 
provides quantitative through-thickness information on the effects of various 
processing parameters, including sputtering gas pressure and substrate biasing.  
Specimens produced over a wide range of stress states are characterized via 
transmission and scanning electron microscopy, and atomic force microscopy, in 
order to correlate the stress data with microstructure.  A columnar grain structure is 
observed for all specimens, and surface morphology is found to be strongly dependent 
on processing conditions. Analytical models of stress generation are reviewed and 
discussed in terms of the observed microstructure.  
21.  Introduction
As one of the lightest structural metals, beryllium is an ideal candidate material for inertial 
confinement fusion target applications.  Over the past decade, much work has involved processing
this material into small, ~1 mm diameter capsules as required to achieve ignition [1-5].  Of principal 
importance in this application is the ability to retain hydrogen gas at moderate pressures, which has 
perhaps been the greatest challenge to date. The problem is mainly a result of high residual stresses
that develop during the synthesis of beryllium to the required thickness (~100 mm), which lead to 
cracking and porosity – fast paths for hydrogen diffusion.  
To solve this problem, most of the previous work has been directed by an engineering approach, 
linking processing conditions to a qualitative evaluation of the final capsule and gas retention data.  
While this approach has led to some success, the present work seeks to investigate the stress 
generating mechanisms on a fundamental level.  We incorporate novel in-situ stress measurements 
and detailed microstructural characterization with the goal of understanding and ultimately 
controlling residual stress. This “ground-up” approach has led to important scientific contributions 
in the field of thick film residual stress.
2.  Experimental procedures
Beryllium films are deposited onto 25.4 mm diameter substrates using a magnetron sputtering 
technique at General Atomics (San Diego, CA).  This technique is identical to that used for fusion 
target fabrication, with the exception that the substrates are flat in the present study.  The stress 
developed during deposition is measured in real time using a multi-beam optical sensor (MOS) 
system manufactured by k-Space Associates, Inc. (Ann Arbor, MI) [6].  This system uses an array 
of parallel laser beams reflected from the surface during film growth to measure curvature, which is 
converted to stress using the Stoney formula [7]. These in-situ measurements allow for a detailed 
understanding of film stress evolution with thickness.  
Following deposition, several techniques are used to characterize the film microstructure.  A FEI 
Nova 600 scanning electron microscope (SEM) is used to image the surface morphology of as-
3Figure 1: Average stress plotted as a function of sputtering gas 
pressure, measured at film thicknesses of 0.5, 1.0, and 2.0 mm.  
Note the general trend towards tensile stress as thickness 
increases.  Results for a single specimen deposited at 5 mTorr 
under an applied substrate bias of -40 V are also shown for 
comparison  
deposited films, and a Digital Instruments DIM-3000 atomic force microscope (AFM) allows for 
quantitative surface roughness measurements. Grain structure is evaluated in cross-section with a
Philips CM300 transmission electron microscope (TEM) operating in bright-field mode; specimens 
for TEM are prepared using a focused ion beam (FIB) lift-out technique [8].      
A number of processing variable have been considered to date, including: deposition flux, substrate 
material, substrate temperature, sputtering gas pressure, and substrate biasing.  The latter two have 
been found to significantly affect the residual stress and microstructure; these variables will be the 
main focus of what follows. All experiments in the present work are conducted on Si<100> 
substrates initially at room temperature, using three magnetrons operating at 100 W each, under a 
background pressure of better than 8x10-6 mTorr.
3.  Stress measurements
Experimental measurements of residual stress typically rely on ex-situ curvature measurements, 
which allow for an average film stress 
to be calculated.  While this may be an 
acceptable measurement for thin films 
(<~100 nm), it can be misleading for 
thick depositions where significant 
gradients in residual stress are possible.  
In this case, a single average 
measurement may not fully characterize 
the stress state of the film.  This 
problem is exemplified in Fig. 1, which 
plots the average stress in beryllium, at 
several film thicknesses from 0.5 to 2.0 
mm, as a function of sputtering gas 
pressure.  The general trend observed 
here for specimens deposited without 
substrate bias (circles) is consistent 
4Figure 2: Instantaneous stress measured as a function of 
thickness using the MOS system.  Three representative 
specimens are shown capturing a wide range of stress behavior.  
These spatial results can be directly compared to the 
microstructure through-thickness
with a number of other systems in the literature [9-20]; compressive stress at low pressures, 
followed by a peak and eventual decline of tensile stress as pressure is increased (the reason for this 
trend will be discussed in detail in section 5).  The main point here is that average stress changes 
with film thickness, generally trending in the tensile direction.  Thus, stress is not constant through-
thickness, but involves some more complicated behavior.
Also shown in Fig. 1 are average stress measurements for a specimen deposited with a -40 V bias 
applied to the substrate (square data points).  This preliminary experiment shows that biasing can 
induce significant compressive stress in beryllium, which is again consistent with a number of 
observations in the literature for a variety of sputtered materials [16, 19-25].  Note, however, that 
the trend towards tensile stress remains as film thickness increases.
The observations above demonstrate a serious problem in using average stress to characterize thick 
films. As an alternative, we use the MOS system in the present work to measure stress as a function 
of thickness in real-time. In Fig. 2, “instantaneous” stress is plotted for a representative set of 
specimens from Fig. 1 encompassing a wide range of stress behavior.  Instantaneous stress can be 
interpreted as the stress contributed to the 
specimen at a particular thickness, at or 
near the growing surface, during film 
growth.  Integrating the results in Fig. 2 
over thickness leads to the average 
measurements shown in Fig. 1; note the 
trend towards tensile stress for the lower 
two curves while the upper curve 
remains fairly flat.  The main benefit of 
this instantaneous measurement lies in 
the spatial information; the results in Fig. 
2 can be directly compared with the 
microstructure through-thickness.  This 
enables unique comparison and insight 
on the stress generating mechanisms.
54.  Microstructure characterization
To interpret the results of Fig. 2, we now attempt to correlate the instantaneous stress with 
microstructural features. We begin with cross-sectional TEM experiments to characterize the grain 
structure, followed by an SEM examination of the final surface morphology, focusing on qualitative 
trends with processing conditions.  We then characterize the surface structure quantitatively using 
AFM, paying special attention to surface roughness measurements.  
Cross-sectional TEM images are shown in Fig. 3 (a-c) for the set of processing conditions in Fig. 2, 
arranged in order of increasing average compressive stress.  Arrows indicate the direction of film
growth and the entire thickness is captured in all cases, showing both the substrate interface and 
surface; in (a) the edge of the FIB lift-out specimen is also shown. Columnar growth is obvious in 
these images, regardless of processing conditions, with an area of dense nucleation near the 
substrate followed by well-defined grains oriented in the growth direction. The only notable 
difference is the slightly finer grain structure maintained in the biased condition (c), where the 
average grain size near the surface, ~80 nm, is roughly 40% less than that in (a) and (b).  Otherwise, 
there is no clear correspondence between the grain structure in Fig. 3 (a-c) and the stress 
measurements in Fig. 2; no obvious trends in the microstructure can explain the stress evolution.     
High-resolution surface SEM images are shown in Fig. 3 (d-f).  Note that these images are taken 
after deposition is complete, representing the termination of the instantaneous stress curves in Fig. 2.  
The morphology of (d) and (e) appear similar, with nodular growth patterns that in some cases 
resemble the expected hexagonal shape for basal textured beryllium; this is especially apparent in 
(d).  Both of these specimens are under nearly identical instantaneous stress levels at the thickness 
investigated (c.f. Fig. 2).  The biased specimen in (f), on the other hand, shows very different 
surface morphology with a dense, well-defined grain structure.  The instantaneous stress contributed 
by this surface is ~60 % less than that in (d) and (e).  These observations suggest that the surface 
morphology may play an important role in determining the stress state.  To investigate the surface 
6structure more quantitatively, AFM experiments are performed to measure RMS surface roughness; 
the specimens in (d), (e), and (f) yield values of 14.1, 15.4, and 9.9 nm, respectively.  The scaling in 
surface roughness is similar to that for instantaneous stress with the smoother biased surface 
contributing less tensile stress.  In the next section we consider several theoretical mechanisms 
proposed for stress generation in deposited films, with the goal of interpreting the above 
microstructural observations. 
5.  Comparison with analytical models
A number of models have been proposed to explain residual stresses developed during film 
deposition, and this remains an active area of research to date [26-40].  These models may be 
broadly classified into those that describe tensile or compressive stress generating mechanisms.  In 
Figure 3:  Bright-field TEM images of specimens deposited at (a) 5 and (b) 2 mTorr sputtering gas 
pressure without biasing, and (c) 5 mTorr with a -40V bias applied to the substrate, corresponding to the 
conditions in Fig. 2.  Both the substrate interface and surface can be seen in these images; arrows 
indicate the approximate direction of film growth.  (d), (e), and (f): surface SEM images of the 
specimens in (a), (b), and (c), respectively.  
Increasing compressive stress
7this section we review several of the more popular models, focusing on specific variables that can 
be linked to the above microstructural observations.   
a. Tensile stress
One of the first successful models of tensile stress generation was proposed by Hoffman [26], who 
considered the stress developed when newly deposited grains are attracted to one another during 
deposition, causing grain coalescence or “zipping” of the grain boundaries. This in-plane elastic 
strain produces a biaxial stress, Ts , in the film which, to a first approximation, can be expressed as
[26]:  
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where Y is Young’s modulus, n is Poisson’s ratio, d is the grain size, and D is the critical gap 
over which neighboring grains are attracted to one another. Most tensile stress models in the 
literature are based on Eq. (1), aimed at deriving values for D based on energetic quantities (such as 
grain boundary and surface energies) [27], or incorporating modifications for specific geometries
[33-35, 39, 40]. It is generally assumed that values of D are on the order of atomic dimensions, 
where attractive bonding forces can supply sufficient energy for spontaneous grain coalescence.  
Assuming typical values for beryllium [41] of Y =318 GPa, and n =0.02, with a grain size of 
d =100 nm and D =0.2 nm, Eq. (1) yields a tensile stress of ~650 MPa, in line with the maximum 
experimentally observed in Fig. 2.  Although this model is highly simplified, and dependent on the 
specific value of D , it provides a quantitative understanding of the potential mechanism and 
predicts reasonable stress levels.  However, several other factors must be contributing to the stress 
data measured in Fig. 2, as Eq. (1) cannot fully describe the behavior.  For instance, Eq. (1) predicts 
that tensile stress should decrease with increasing grain sizes, whereas we see the opposite effect.  
Also, there is an apparent plateau in the stress data at ~500 MPa, which is not incorporated in Eq. 
(1).  This latter effect is likely due to the tensile strength of beryllium, which is at about the same 
level as the observed plateau [41] (i.e. the material simply cannot support higher levels of tensile 
8stress).  For former, however, requires further explanation and may be linked to the surface 
morphology as discussed below.
As previously mentioned, a number of works have built on the simplicity of Eq. (1) to incorporate 
more complex growth behavior.  Recently, researchers have focused on the effects of surface 
roughness, mainly through the aid of computational methods such as finite element analysis [33, 40].  
One of the main outcomes of these works is a predicted correlation between surface roughness and 
tensile stress; rougher surfaces generate higher tensile stress due to the propensity for in-plane 
contact between neighboring grain surfaces. Although most of these works concentrate on thin 
films, it is well established that surface roughness generally increases during growth.  Consequently,
thicker films should be increasingly prone to tensile stress.  This line of reasoning may explain the 
tensile trend with thickness in Figs. 1 and 2, and work is currently underway to investigate this 
effect in more detail, including both experimental and analytical efforts.     
b.  Compressive stress 
Models of compressive stress have received comparatively less attention in the literature, primarily 
because most synthesis techniques and materials are more prone to tensile stress.  Nevertheless, 
there have been several models proposed based on the idea of “atomic peening”, similar to the 
macroscopic phenomena of shot peening, where the bombardment of high-energy atoms can induce 
compressive stress on the surface of a growing film [11, 28, 29, 31, 32].  Naturally, this mechanism 
only applies to energetic processing techniques, such as magnetron sputtering.  A key requirement 
of these models is that the energy of incoming atoms, E , be greater than some critical value, critE , 
required to cause local atomic displacements (typically ~10-100 eV). For relatively low fluxes, the 
models of Windischmann [28] and Davis [29] yield similar results, predicting the level of 
compressive stress, Cs , to be:   
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9where R is the total flux of deposited atoms, j is the flux of energetic atoms arriving at the surface 
(with critEE > ), and k is a proportionality constant. Thus, high energy processing conditions will 
tend to yield compressively stressed films. This mechanism can be used to explain the stress results 
of the present work: low sputtering gas pressures lead to higher energy conditions and, hence, the 
transition to compressive stress below 5 mTorr in Fig. 1 (note that the lower apparent stresses above 
5 mTorr is a processing artifact [11], related to higher levels of porosity in the film under these 
conditions).  Similarly, biasing also leads to highly energetic conditions, yielding the most 
compressive stress of all experiments performed in the present work.
The total residual stress developed during deposition will involve some combination of the above 
mentioned mechanisms, and while it is highly unlikely that any one equation will precisely predict 
the stress level, these models provide some guidance on how to control and interpret experimental 
findings. High energy conditions, achieved through either low sputtering pressures or the 
application of substrate bias, tend to increase compressive stress.  However, tensile stress is 
observed to increase to a material-dependent plateau with film growth, possibly owing to a change 
in surface morphology and the corresponding activation of grain coalescence mechanisms.   
6.  Conclusions 
The present work has identified and explored two key processing variables affecting the stress state 
of sputter deposited beryllium: gas pressure and substrate biasing. We have shown that average 
stress measurements, while sufficient for thin films, do not fully characterize the complex stress 
state of thick deposits.  Using the in-situ capabilities of the MOS system, film stress has been 
quantified as a function of thickness enabling detailed understanding of the stress evolution under 
various processing parameters with the following main conclusions:
· Regardless of processing conditions, instantaneous stress always tends in the tensile 
direction with film thickness.
· A maximum stress plateau is observed coinciding with the tensile strength of beryllium.
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· Compressive stress can be induced during the early stages of film growth under high-
energy deposition conditions, including the use of substrate biasing and/or low sputtering 
gas pressures.
In order to interpret the in-situ stress measurements from a microstructural standpoint, 
characterization has been performed via TEM, SEM, and AFM techniques. The main results can be 
summarized as follows:
· A clear columnar grain structure exists in all deposits; however, no clear relationship can 
be drawn between the structure and stress measurements. 
· Surface morphology appears to be closely correlated with instantaneous stress; rougher 
surfaces leading to higher levels of tensile stress.
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